hexacyanoferrate(III) solution. 10, 11 This method will be a greener analytical tool for quality control in drug industries.
Experimental
Apparatus and chemicals Apparatus. The developed SIA manifold setup is shown in Fig. 1 .
A FIAlab ® 3000 system (FIAlab ® Instruments, USA) consists of a syringe pump (syringe reservoir 2.5 mL) and a 6-port selection cheminert valve (Valco Instrument Co., USA). A Genesys 20 spectrophotometer (Thermo Spectronic, USA) was used as detector with a 10 mm light path-length flow cell having a volume of 80 µL (Hellma, Germany). All electrical devices of the manifold were computer-controlled by means of a homemade program written in Microsoft Visual Basic 6.0. An absorbance signal can be retrieved directly from a Genesys 20 spectrophotometer via the RS-232 interface.
Port A of the switching box is connected to a syringe control (CAVRO XL 3000 stepper motor-driven syringe pump); Port B is available for other instruments (where necessary); Port C is connected to a valve control unit (6 ports, VICI CHEMINERT ® ); Port D is connected to Genesys 20 spectrophotometer.
The Hellima flow-through cell of 10 mm path length is used in this system, where the absorbance arising from the red product formed by the reaction between 4-AP and cefadroxil in alkaline potassium hexacyanoferrate(III) at 510 nm is measured. Chemicals. Most chemicals used were of analytical reagent grade and were used without further purification. Deionized distilled water was used throughout. This was prepared by passing distilled water through a Milli-Q system (Millipore, USA). Cefadroxil was purchased from Sigma-Aldrich (UK). 4-AP was obtained from Sigma-Aldrich (UK). Sodium carbonate and potassium hexacyanoferrate(III) were from Fluka (Italy) and BDH (UK), respectively. Solutions. The following solutions were freshly prepared. Sodium carbonate 1.0 × 10 -2 M: This solution was prepared by dissolving 0.1059 g of sodium carbonate in 100 mL water. Reagent No. 1, 4-AP 3.0 × 10 -2 M in sodium carbonate (1 × 10 -2 M): This solution was prepared by dissolving 0.6097 g of 4-AP in 100 mL sodium carbonate. Reagent No. 2, potassium hexacyanoferrate(III) 6.0 × 10 -2 M: This solution was prepared by dissolving 1.9755 g of potassium hexacyanoferrate(III) in 100 mL water. Stock solution of 100 mg L -1 cefadroxil: This standard drug solution was prepared by dissolving 0.005 g of cefadroxil in 50 mL water and diluted with water as required.
Working procedure Controlling procedure. A four-port RS 232 switching box receives an activation command from the PC through the master port. When the system is initialized, it activates port A (see Fig.  1 ) and sends a command to move the piston of the syringe to zero position. Subsequently, it activates port C and sends a command to actuate the valve at position 1. Finally, it activates port D and sends a command to set the optimum wavelength that provides the absorption maximum of the reaction product. Analyzing procedure. After the PC is initialized, it activates port A to move the piston of the syringe to the zero position. It also activates port C to actuate the valve at position 1. Then, it activates port A to drive the syringe to aspirate the carrier to the desired volume. After that, it activates port C to actuate the valve at position 3 (sample). Then, it activates port A to drive the syringe to aspirate the desired volume of sample solution. It again activates port C to actuate the valve at position 4 (reagent) followed by activating port A to drive the syringe to aspirate the desired volume of reagent 1. Finally, it activates port C to actuate the valve at position 2 (reagent 2) and activates port A to aspirate the appropriate volume of reagent 2. While the PC is sending the empty syringe command through port A, it activates port D and receives an absorbance signal from the spectrophotometer and drives the plot module to plot the SIA signals (as peaks) on the screen. The maximum peak heights are also detected and displayed in this process. Procedure for calibration. Working standard solutions of cefadroxil over the ranges of 1 -10 mg L -1 and 10 -50 mg L -1 were prepared from the stock solution (100 mg L -1 ). A series of standard solutions of cefadroxil with different concentrations were injected into the finally proposed SIA manifold by means of a syringe pump in triplicate. The resulting peak height was measured. A typical calibration graph was obtained by plotting the absorbance against various concentrations of cefadroxil. Preparation of cefadroxil in pharmaceuticals. Pharmaceutical products containing cefadroxil (cefadroxil capsules 500 mg) were purchased from commercial sources in Chiang Mai Province, Thailand. A total of ten capsules containing 500 mg per tablet of cefadroxil as stated on the label were accurately weighed, ground, and mixed. After fine powdering of the capsule contents in a porcelain mortar, an accurately weighed portion of the pooled sample equivalent to 100 mg of cefadroxil antibiotic was transferred into a 100 ml volumetric flask dissolved and diluted to the volume with deionized distilled water. The drug solution was then sonicated for 2 min. The sample solutions with the drug concentrations under the calibration graph ranges were prepared from the stock sample solution. A 100 µL aliquot of the sample solution was injected into the proposed SIA manifold.
Chemical reaction
It has been reported that phenols react with 4-AP in the 592 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 presence of alkaline oxidizing agents, permitting phenolic compounds to be determined. 11 The reactions involve 4-AP in the presence of an oxidant, such as potassium hexacyanoferrate(III) yielding N-substituted quinine imines, which in turn is known to spontaneously react with phenolic compounds, leading to a red-colored antipyrine dye. The phenolic hydroxyl group present in cefadroxil renders it an extremely suitable substrate for the above coupling reaction. A possible reaction mechanism for the proposed SIA method is illustrated in Scheme 1. This method is based on the detection of the condensation reaction product of cefadroxil with 4-AP in the presence of potassium hexacyanoferrate(III) under alkaline medium (Scheme 1).
Analytical cycle
The SIA spectrophotometric measurements were carried out at 510 nm. The aspiration and dispension flow rates were 2.0 ml min -1 under the following cycle: 1, switch to port A; 2, push syringe valve in; 3, syringe aspirates 1000 µL of DI-water as carrier; 4, push syringe valve out; 5, switch to port C; 6, selection valve goes to position 3 (sample); 7, switch to port A; 8, syringe aspirates (sample) 100 µL; 9, switch to port C; 10, selection valve goes to position 4 (reagent 1); 11, switch to port A; 12, syringe aspirates (reagent 1) 125 µL; 13, switch to port C; 14, selection valve goes to position 2 (reagent 2); 15, switch to port A; 16, syringe aspirates (reagent 2) 100 µL; 17, switch to port C; 18, selection valve goes to position 5 (detector); 19, switch to port A; 20, syringe empty; 21, switch to port D; 22, PC requests data from Genesys 20 until the peak ends.
All flow line tubings and reaction coil were made of PTFE with the inner diameter (i.d.) 0.6 mm. The reaction coil length was 75 cm. While the syringe aspirated, the solutions were held at the reaction coil.
Results and Discussion

Evaluation of the SIA system
A specially designed piece of software was developed to control the commercial SIA instrumentation by a PC to obtain the desired function and/or operations. The proposed SIA system is shown in Fig. 1 . Its performance was evaluated by detection of cefadroxil based on the reaction between cefadroxil with 4-AP in the presence of alkaline potassium hexacyanoferrate(III), resulting in a red-color red antipyrine dye with the absorption maximum at 510 nm. 10 This reaction was adopted to develop an environment friendly analytical procedure for determining cefadroxil in pharmaceutical preparations which will be useful for quality control in drug industries.
Optimization of experimental parameters
The conditions for the determination of cefadroxil were optimized by studying the influences of the various parameters, such as sample and reagent volumes, reagent/carrier flow rates, and reagent concentrations of the respective measurements. The optimum conditions obtained by means of the univariate optimization procedure (changing one variable in turn and keeping the others at their optimum values). 2 The optimal value for each parameter was judging from maximum response of the detector, minimum noise of the baseline and relative standard deviation. The range of variables studied and the optimal values chosen are shown in Table 1 . Effect of aspiration of reagents and sample volumes. The optimum wavelength was investigated prior to optimization of other parameters and was found to be 510 nm; its maximum sensitivity corresponded to that previously reported. 10 The aim for optimization of these parameters is to minimize the consumption of reagents and sample while maintaining the best sensitivity, accuracy and reproducibility of the procedure for the analyte of interest. The procedure adopted for optimizing these parameters was to keep the volumes of other reagents and the sample at constant values (chosen by trial and error) while varying the reagent to be optimized at different volumes. This was done by changing the period during which the specific sample and/or reagent volume was aspirated into the holding coil (see Fig. 1 ). In this investigation, the effect of aspirated volumes of the two reagents (reagent 1,4-aminoantipyrine and reagent 2, potassium hexacyanoferrate(III)) and the sample (cefadroxil) were studied over the range 50 -200 µL at every 25 µL interval. When the volume of solution in question was varied, the other two volumes were kept at 100 µL. First, the volume of potassium hexacynoferrate(III) was considered.
When the volumes of the potassium hexacynoferrate(III) were varied from 25 to 175 µL, maximum response was obtained at a volume of 100 µL, above which the response started to decline ( Fig. 2a ). On the other hand, the optimum 4-AP volume was determined by fixing the aspirated volume of potassium hexacynoferrate(III) and sample at 100 µL, followed by aspirating the 4-AP at various volumes ranging from 25 to 200 µL. The absorbance increased with increases in the 4-AP volume and reached a maximum absorbance at 125 µL, above which the depression of the SIA signals was observed. Therefore, the 125 µL volume was considered to be 593 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 the optimum 4-AP volume for further studies (Fig. 2b) . The sample volumes were examined between 25 to 200 µL and it was found that the signal increased markedly up to 100 µL, above which the sensitivity started to decline. So a volume of 100 µL was chosen as an optimum sample volume for subsequent measurements (Fig. 2c) . Therefore, the optimum aspiration reagents and sample volumes are 100, 125 and 100 µL for potassium hexacyanoferrate(III), 4-AP and sample solutions, respectively. Under these conditions, satisfactory results are obtained with reasonable low reagent and sample consumption.
Effect of pH. The effect of the pH of the alkaline oxidant solution was studied over the range 7.5 -10.0. The absorbance increases with increasing pH values up to 8.5. For further increments of the pH, the absorbance increases very slightly and remains almost constant. Thus, a pH of 8.5 was chosen as appropriate pH for further investigations, due to reproducibility and sensitivity. Effect of holding coil diameter and length. The holding coil is made from PTFE tubing wound around a plastic tube. The main function of this tubing is as a holding reservoir into which sample and/or reagent is sequentially aspirated. The holding coil volume should be large enough to prevent the stack of zones from being forwarded from the holding coil to the detector before the chemical reaction is taken place. It is essential to investigate the optimum tubing size and length to assess the best sensitivity and precision. The effects of various tubing inner diameters for making the holding coil on the sensitivity and precision for cefadroxil were investigated over the range 0.5 -1.0 mm. A slight depression of sensitivity with increasing tubing inner diameter is observed. The 0.6 mm i.d. tubing was selected, owing to its high sensitivity and precision.
The influence of the tubing length for making the holding coil on the sensitivity and precision is also examined over the range of 50 -100 cm. It is clear that variation of tubing length shows no significant difference in sensitivity for cefadroxil determination but it exhibits differences in precision. Thus a 75 cm tubing is considered to be suitable due to its good precision. Influence of potassium hexacynoferrate(III) concentration. In this investigation, alkaline potassium hexacyanoferrate(III) acts as an oxidant to permit the reaction between cefadroxil and 4-AP to occur. The oxidant concentration should be sufficient to allow the above reaction to be favored and quantitative.
The effect of potassium hexacynoferrate(III) concentration was studied over the range 0.02 -0.10 mol L -1 . The absorbance increases with increasing the oxidant concentration up to 0.06 mol L -1 and then it starts leveling off (Fig. 3a) . Thus, a concentration of 0.06 mol L -1 was selected for the next experiments to obtain the greatest sensitivity. Effect of 4-AP concentration. The 4-AP is one of the reagents which react with the phenolic OH-group of cefadroxil, resulting in the more sensitive chromophore for spectrophotometric determination of the drug. It is necessary to optimize the 4-AP concentration to obtain the suitable 4-AP concentration for quantitative reaction.
The effect of 4-AP concentration was examined by measuring the absorbance at the specified wavelength (510 nm) for solutions containing a fixed concentration of potassium hexacyanoferrate(III) at 0.06 mol L -1 and varying the concentrations of 4-AP over the range 0.01 -0.15 mol L -1 . The optimum 4-AP concentration, leading to the maximum absorbance, was 0.07 mol L -1 reaction mixture and low RSD (Fig. 3b) . Therefore, the 0.07 mol L -1 4-AP was chosen as optimum concentration and was used throughout. Effect of flow rate. The flow rate is one of the most important parameters to be optimized because it regulates the amount of final product (color red product as chromophore) formed and hence the sensitivity together with the sample throughput. The effect of the flow rate on the absorbance was investigated from 0.5 -5.0 mL min -1 (Fig. 4) . The sample and reagent volumes aspirated were kept constant at their optimum values by changing the flow rate over the range 0.5 -5.0 mL min -1 . Maximum absorbance was obtained at a flow rate of 2 mL min -1 . Therefore, a flow rate of 2 mL min -1 was chosen for further investigations. Increasing the flow rates above 2.0 mL min -1 does not significantly enhance the peak intensity, but they increase the pressure in the tubing, resulting in more consumption of the reagents.
Analytical characteristics for cefadroxil determination
Linearity of calibration graph. Using the optimal experimental parameters ( Table 1) , linear calibration graphs over the ranges 1 -10 mg L -1 , and 10 -50 mg L -1 (r 2 = 0.9969) were established. Over these two concentration ranges, linear regression analysis of the cefadroxil as height in AU (Y) versus various drug concentrations in ppm (X) (n = 5) yielded the following equations: Y = 1.662X + 0.0066, and Y = 1.1110X + 0.0244 (r 2 = 0.9933). It was found that two linear calibration graphs were obtained with different slopes (1.662 AU/ppm and 1.111 AU/ppm) under identical experimental conditions. This might be due to some limitation of Beer's law for cefadroxil determination probably owing to changes in refractive index with increasing in the drug concentrations, leading to a slight depression of absorbance from 10 -50 ppm cefadroxil, above which the absorbance began to level off. Sensitivity, detection limit, quantification limit. The sensitivity values of the proposed SIA method, defined as the slopes of 594 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Fig. 3 Effect of reagent concentrations. Fig. 4 Effect of reagent flow rate.
calibration curves, were found to be 1.7 AU/ppm and 1.1 AU/ppm, respectively. The detection limit (3σ) was 0.17 mg L -1 , while the quantification limit (10σ) was 0.56 mg L -1 .
Reproducibility, repeatability and accuracy. The coefficient of variation of the method was determined by performing 11 replicate measurements of standard solutions containing 5 mg L -1 of the drug and was found to be 1.98%. The repeatability of replicate injections of the standard cefadroxil solution (30 mg L -1 ) was 1.93% (n = 11). With respect to the accuracy of the method, it was found that the recoveries for analyzing the added drug into the two pharmaceutical sample solutions were 101.04 ± 0.65% and 100.93 ± 0.70%, respectively. Interference study. Under the selected conditions described above and using the SIA setup shown in Fig. 1 , the effects of several foreign compounds (glucose, sucrose, lactose, citric acid, sorbitol, starch, magnesium stearate, sodium benzoate) used as common excipients in pharmaceutical preparations on the SIA determination were studied. Mixed solutions of cefadroxil (at the concentration of 5 mg L -1 ) and varying concentrations of the excipients (at 10 and 100 folds) were prepared, filtered if necessary prior to analysis, and injected into the SIA system. The recoveries of cefadroxil in the presence of each excipient, expressed as the mean value ± standard deviation resultant of 3 replicates per sample, are summarized in Table 2 . The common excipients exhibited no effect on the determination; the recoveries in the range of 97.7 to 102% were obtained. However, the present method may be interfered with by many phenol compounds, judging from reaction Scheme 1. This is corresponding to the comment previously reported by Emerson et al., 11 who said that there must be at least one free hydroxyl group in the molecule for a positive color test using 4-AP. Interference effects from other cephalosporins (except cephalexin and cefadroxil) were not studied because only these two drugs were available in Thailand. Fortunately, the pharmaceutical samples containing cefadroxil available in Thailand do not contain other cephalosporins with a hydroxyl group in the molecules. This was further confirmed by unsuccessful trials for the determination of cephalexin which has a similar structure to cefadroxil but without the phenolic group by the proposed method. It was found that no SI response was observed. This indicates that the presence of a phenolic group in the cefadroxil molecule is essential for the reaction of this drug with 4-AP resulting in the SI signal. Stability of the drug. A stock solution of 2 mg L -1 cefadroxil was prepared in water stored at room temperature (25 -28˚C) and at 4˚C followed by assaying every hour over a period of 48 h. At room temperature the absorbance as peak height decreased rather rapidly from 0 -3 h. At 4 -28 h the absorbance is rather constant; later the absorbance decreased rather rapidly ( Fig. 6 ). When the cefadroxil stock solution was stored at 4˚C, there was no change in absorbance over a period of over a week.
The analytical figures of merit for cefadroxil, achieved with the recommended procedure, have been compared to those reported earlier in the literature 4, 6, 7, 10, 11 and depicted in Table 3 . The sample throughput of the proposed SIA procedure was 100 h -1 .
Application
The developed SIA method has been applied to the determination of cefadroxil in commercial pharmaceutical formulations containing 500 mg per capsule of cefadroxil (cefadroxil capsule; Lerd Singh, Bangkok, Thailand). The results were satisfactorily compared with those obtained using the official method 19 based on HPLC (Table 4 ). Statistical analysis of the results obtained by both methods using the t-test and F-test 20 showed no significant differences between the two methods as regarding accuracy and precision.
Conclusion
The proposed SIA method and the software were satisfactorily 595 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Table 2 The effect of excipients for the determination of cefadroxil (5 mg L -1 ) successful and practical. In contrast to other methods using sophisticated instruments, this method is simple to implement with relatively inexpensive instrumentation and fewer operators are required since the method is almost fully automated. The speed of analysis and the precision make this method also suitable for the quality controls of most industrial products such as pharmaceuticals, food, and beverages. This technique could replace most tedious, expensive and time-consuming official and chromatographic methods. It has been satisfactorily applied to cefadroxil determination in commercial pharmaceutical formulations. The results obtained by the SIA method agree very well with the standard HPLC method verified by t-test and F-test at the 95% confidence level. With slight modification, the proposed procedure with the software will be essential for routine analysis, especially for quality control in industries. Table 3 Comparisons of the analyticl characteristics obtained for cefadroxil using the proposed method with those of some previously reported methods 
Method
